We analyzed the yield and fidelity of the quantum state transfer (QST) from a photon polarization qubit to an electron spin qubit in a spin-coherent photo detector consisting of a semiconductor quantum dot. We used a model consisting of the quantum dot, where the QST is carried out, coupled with a photonic cavity. We determined the optimal conditions that allow the realization of both high-yield and high-fidelity QST.
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PACS numbers: 03.67.-a, 68.65.Hb, 72. 25.Fe A quantum repeater is a promising technology [1, 2, 3] which makes it possible to drastically expand the distance of quantum key distribution as well as to realize scalable quantum networks. The quantum repeater requires not only messenger qubits but also processing qubits. A photon is, of course, the most convenient candidate for the messenger qubit [4, 5] ; however, it is not suitable to be used as a processing qubit because quantum information storage and two-qubit quantum operations are very difficult to perform. On the other hand, an electron spin in a semiconductor quantum dot is one of the most convenient candidates for processing qubits since one-and two-bit quantum gate operations can now be performed through the application of electric and/or magnetic fields [6, 7, 8, 9] . Therefore, it is important to investigate the possibility of a photon-spin quantum state transfer (QST) [10, 11, 12, 13] which would transfer quantum information from a photon-polarization (photon qubit) to an electron-spin (spin qubit), as an interface device for quantum repeaters. Such a photonspin QST can be performed using a semiconductor spincoherent photo detector, as proposed by Vrijen and Yablonovitch [10] , who showed that the well-known optical orientation in a semiconductor heterostructure can be used for QST with the help of g-factor engineering [14, 15, 16, 17, 18, 19, 20, 21, 22] and strain engineering [23, 24, 25] . The photo detector has a quantum dot whose energy levels are shown in Fig. 1(a) . The g-factor of the electron spin is tuned to zero (g e = 0). By using strain engineering and applying a magnetic field, we can arrange the light-hole state |lh+ = |3/2, 1/3 +|3/2, −1/2 to the topmost level of the valence band. According to the selection rule [10] , a spin-up (down) electron |↑ (|↓ ) is excited by a right-handed (left-handed) circularly polarized photon |σ + (|σ − ) from the |lh+ state. As shown in Fig. 1(b) , the quantum dot is connected to the continuum of the hole state and the created hole extracted from the dot to the continuum. By eliminating the hole in the |lh+ state, we complete the QST from the photon qubit α + |σ + +α − |σ − to the spin qubit α + |↑ +α − |↓ .
One of the obstacles to high-fidelity QST in a spin- coherent semiconductor photo detector is the exchange interaction between the electron and the simultaneously created hole. The electron-hole exchange interaction disturbs the electron spin state and decreases fidelity. In our previous work [26] , we proposed the use of resonant tunneling in a double-well structure [27, 28] in order to avoid the electron-hole exchange interaction. However, we considered the QST process only after the creation of the exciton, and did not take into account the exciton creation process itself; thus, our previous work lacked discussion about the efficiency, or yield of the QST. In the present study, we analyzed the QST process from the photon qubit to the spin qubit in a spin-coherent semiconductor photo detector, considering the whole QST process from the input photon to the generated electron spin via the dot exciton state. We present here the conditions necessary to produce a high-yield, high-fidelity QST.
We examined the model shown in Fig. 2 . The quantum dot is located in the photonic cavity. The quantum dot is also connected to the continuum of the hole through the tunneling barrier in order to extract the created hole. The input photon propagates the x-axis and enters the cavity (one-sided cavity) [29, 30, 31] . The cav-
The theoretical model considered. The model includes the input/output photon field, the cavity, and the quantum dot where the QST is carried out. This model is characterized by the following parameters: the cavity damping rate κ, the cavity-dot interaction g, the extraction rate of the created hole γ h , the electron-hole exchange interaction in the dot ωJ , and the spontaneous emission rate γ h . ity photon excites the electron-hole pair or exciton in the dot. By applying appropriate selection rule, the electron spin state is determined by the input photon polarization state. Once the electron-hole pair is excited in the quantum dot, the created hole is extracted to the continuum and the electron spin is left in the dot. The QST process is then completed. In addition to the above processes, we also considered the electron-hole exchange interaction and the spontaneous emission from the dot. The electron-hole exchange interaction modifies the orientation of the electron-spin, while the hole is in the dot and therefore reduces the fidelity of the QST. Spontaneous emission leads to a decrease in yield.
The state vector of the system under consideration is expressed as
where |x, σ denotes the input/output photon state at position x and polarization σ = σ ± ; |cav, σ the cavity photon with polarization σ; |ex, s the exciton state in the dot with electron spin state s =↑, ↓; |µ the external noncavity photon (µ represents the wave number and corresponding polarization); and |l, s the state in which the electron with spin state s is in the dot and the hole is in the continuum state l. Here φ The Hamiltonian of the system is given by
each of whose terms are defined as follows, under the condition = 1:
The Hamiltonian for the input/output photon is H ph , where k is wave number of the input/output photon, and c is the speed of light. Note that we use the wave number representation k instead of the position representation x used in Eq. (1) . The interaction between the input/output photon and the cavity photon is represented by H ph-cav . With respect to the coupling constants κ k in H ph-cav , we use the flat-band assumption κ k = cκ/π [31] , where κ is the cavity damping rate. The Hamiltonian for the cavity photon is H cav , and ω cav denotes the energy of the cavity mode photon. The cavity photon excites the dot exciton; this excitation is represented by H cav-ex , which is characterized by the cavity-dot coupling g. The index of the photon polarization σ(s) represents the selection rule:
The Hamiltonian for the dot exciton is H ex , ω ex is the excitation energy, ω J is the electron-hole exchange interaction which flips the electron spin state, ands represents the opposite spin to s. The spontaneous emission process from the dot exciton is represented as H SE . The emitted photon escapes to the external noncavity photon mode µ with energy ω µ and H noncav is the Hamiltonian of the noncavity photon. The extraction of the created hole in the dot is represented by the hole's tunneling Hamiltonian H T , where W l is the tunneling matrix elements. The Hamiltonian for the spin state where the electron spin is left in the dot and the hole is extracted to the continuum is H spin . The energy of the electron in the dot is ω e , and that of the hole in the continuum state l is ω l .
In order to analyze the QST process in this model, we must consider the scattering problem from the initial input photon state to the final spin state. The initial state at t = 0 is written as
where α + and α − are the probability amplitudes which characterize the superposition state of the photon qubit α + |σ + + α − |σ − . The coefficient φ ph (x; t = 0) represents the input photon wave packet. We consider a Gaussian wave packet defined as
where x 0 (< 0) is the center position of the wave packet at t = 0, ω ph the center frequency of the photon and ∆ω ph the bandwidth of the input photon. The extraction process of the hole is characterized by the spectral function defined by
In the present analysis, we treat this spectral function γ h (ω) as the constant γ h . This treatment corresponds to the Markov approximation with respect to the extraction process, and the constant γ h represents the extraction rate of the hole from the dot to the continuum. We also apply the Markov approximation to the spontaneous emission process; that is, we treat the spectral function γ SE (ω) = π µ |γ sµ | 2 δ(ω − ω µ ) as the constant γ SE , where γ SE is the spontaneous emission rate of the dot exciton.
By employing the Schrödinger equation and the above Markov approximations, we obtain the equations for the probability amplitudes of the cavity photon and the dot exciton as,
By setting the input photon polarization α σ and the shape of the wave packet φ ph (x = −ct; 0) as Eq. (13), we can solve these equations and obtain the time evolutions 
Let us consider the final state of the system for t → ∞. The final electron spin state is characterized by the reduced density matrix ρ spin defined as
for s, s =↑, ↓. The efficiency of the QST is represented by the yield defined as P = ρ spin ↑↑ + ρ spin ↓↓ , which represents the probability that the electron spin is left in the dot at the final state. Using ρ spin , we can define the fidelity of the QST as F = Ψ I | ρ spin |Ψ I /P , where |Ψ I = α + |↑ + α − |↓ is the ideal spin state. Here we note that the fidelity is normalized by yield P ; that is, we take into account the fidelity only of the generated spin at the final state. Straightforward calculations then give us the expressions for the yield and fidelity as
respectively, where β ± = (α + ±α − )/ √ 2. The coefficients I νν (ν, ν = ±) are defined as follows:
where
The parameters we used in the present paper are as follows: input photon bandwidth ∆ω ph = 5GHz, electronhole exchange interaction ω J = 5GHz, and spontaneous emission rate γ SE = 1GHz. We used the typical values in a GaAs quantum dot for γ SE and ω J [32, 33, 34] . For the cavity damping rate κ, we considered two cases: the weak cavity damping case κ ∆ω ph , and the strong cavity damping case κ ∆ω ph . We also assumed the resonance condition ω ph = ω cav = ω ex , and the input photon polarization was |σ + . In what follows, we will show the results for yield and fidelity in the weak (κ = 0.5GHz) and strong (κ = 15GHz) cavity damping cases. We will also discuss the effects of spontaneous emission.
Let us discuss the yield and fidelity of the QST in the weak cavity damping case κ ∆ω ph . In Fig. 3 (a) , we show the contour plot of the yield as a function of the extraction rate of hole γ h and cavity-dot coupling g. We take κ = 0.5GHz. As shown in the figure, the yield is much less than the unity because the cavity damping rate κ is so small that most input photons can not enter the cavity. Figure 3(b) is the contour plot of the fidelity as a function of γ h and g. Note that the fidelity is suppressed in the vicinity of the origin, where the dwell time of the hole is much longer than the precession period of the electron spin due to the electron-hole exchange interaction.
In the strong cavity damping case κ ∆ω ph , it is useful to introduce the effective dipole relaxation rate defined as Γ d ≡ |g| 2 /κ, which represents the enhanced
Contour plots of (a) yield and (b) fidelity, as functions of the extraction rate of hole γ h and cavity-dot coupling g, in the case of weak cavity damping. The other parameters were as follows: input photon bandwidth, ∆ω ph = 5GHz; cavity damping rate, κ = 0.5GHz; electron-hole exchange interaction, ωJ = 5GHz; and spontaneous emission rate, γSE = 1GHz.
spontaneous emission rate of the exciton due to the coupling with the cavity photon. Figure 4 (a) shows the contour plot of the yield as a function of Γ d and γ h with κ = 15GHz. To consider in detail the effects of γ h on the yield, let us fix Γ d at a certain value and increase γ h from zero. As γ h increases, the recombination of the dot exciton is suppressed, hence the yield increases with increasing γ h . However, the increase of γ h prevents the creation of the dot exciton, which suppresses the yield for large values of γ h . Therefore, the yield takes its maximum value at γ h ∼ Γ d . The condition ∆ω ph Γ d , γ h is also important for producing a high yield in order to transfer energy effectively from the input photon to the exciton. The condition for this high yield is summarized as ∆ω ph γ h ∼ Γ d . Fig. 4(b) is the contour plot of the fidelity. Note that the fidelity is reduced from unity for Γ d + γ h < ω J . The lifetime of the exciton state ϕ ex s (t) is given as (
for the impulse-like input photon wave packet in the case of strong cavity damping. In order to avoid the effects of the electron-hole exchange interaction, the lifetime of the exciton state should be much shorter than the characteristic time of the exchange interaction ω −1 J . Therefore, the condition ω J Γ d + γ h is required for a high-fidelity QST.
Let us now examine the effects of spontaneous emission on the yield and fidelity. Since we have taken the spontaneous emission rate γ SE = 1GHz to be much smaller than the input photon bandwidth ∆ω ph = 5GHz in the above discussions, the yield and fidelity are not significantly affected by spontaneous emission. Figures 5(a)  and (b) show the contour plots of yield and fidelity, respectively, in the case of a relatively large spontaneous emission rate γ SE = 5GHz. When the spontaneous emission process is dominant, the emission occurs before the hole is extracted from the dot, and the yield decreases as the spontaneous emission rate γ SE increases, as shown in , we recognize that the fidelity is slightly improved by taking a large γ SE . The lifetime of the exciton is shortened by the spontaneous emission, and the spin-flip process of the electron-hole exchange interaction is therefore suppressed and fidelity is improved. With respect to the relationship between the results obtained in the present study and those of our previous work [26] , we must point out that, in our previous paper, we analyzed the fidelity of the QST by considering the QST process after the creation of the dot exciton, but did not consider the yield of the QST. We concluded in that work that the hole should be extracted from the dot as rapidly as possible in order to achieve high fidelity, which is consistent with the present results. That is, we can achieve higher fidelity as the extraction rate of the hole increases, as shown in Fig. 4 (b) . However, too large a value of γ h leads to a decrease in the yield, as shown in Fig. 4 (a) . In order to obtain both high yield and high fidelity, γ h and g should be as large as possible while satisfying the matching condition
Finally, we estimated the yield and fidelity of the QST in a single quantum dot-semiconductor microcavity coupling system [35, 36, 37] . Let us consider the GaAs quantum dot formed by monolayer fluctuations in the Al 0.8 In 0.2 As/GaAs/Al 0.8 In 0.2 As quantum well (QW). By adjusting the thickness of the QW appropriately, We can set the electron spin g-factor in the QW to zero [38] and the energy levels shown in Fig. 1(a) can be realized. The excitation energy of the dot exciton is estimated about 1.6eV. Note that as shown in Fig. 1(b) , the continuum of the hole state should be attached via AlInAs barrier layer to extract the created hole. As the cavity we consider the micropllar cavity having top and bottom Al x Ga 1−x As/AlAs (x ∼ 0.27) Bragg mirrors [39] , and the QW is located in the cavity. The cavity-dot coupling is given by g = (
, where f is the exciton oscillator strength, V the effective modal volume, m the free electron mass, e the electron charge, 0 the electric constant, and r the relative permittivity. The oscillator strength of transition from heavy heavy hole states (denoted as hh± in Fig. 1(a) ) in a GaAs quantum dot f hh more than 100 is theoretically predicted [39] and experimentally observed [37] . Because we use the transition from the lh+ state and its oscillator strength is roughly given by f = f hh /12, therefore we can assume f ∼ 10 here. With the cavity modal value V ∼ 1µm 3 , the cavitydot coupling becomes g = 25GHz. For the cavity decay rate, we assume κ = 40GHz, and this value corresponds to the cavity Q-factor Q ≡ ω cav /κ ∼ 10 4 which now be realized in micropillar cavities [40] . The extraction rate of the hole γ h is a tunable parameter by changing the barrier width. Here we take γ h = 15.6GHz so that the matching condition γ d ∼ Γ d ≡ |g| 2 /κ is satisfied. With the other parameters, input photon bandwidth ∆ω ph = 5GHz, electron-hole exchange interaction ω J = 5GHz, and and spontaneous emission rate γ SE = 1GHz, we then obtain yield P = 0.913 and fidelity F = 0.976.
In conclusion, we have analyzed the yield and fidelity of the QST from the photon qubit to the spin qubit in a spin-coherent semiconductor photo detector. By considering a model in which the quantum dot is coupled with the photonic cavity, we determined the optimal conditions for high-yield and high-fidelity QST. Briefly, the cavity damping rate should be larger than the input photon bandwidth, ∆ω ph κ, and the matching condition, ω ph γ h ∼ Γ d , between the extraction rate of the hole and the effective dipole relaxation rate should be also satisfied in order to obtain high yield. For high-fidelity QST, a small electron-hole exchange interaction is preferred compared to the extraction rate of the hole and the effective dipole relaxation rate, ω J Γ d + γ h . The authors would like to thank T. Takagahara for valuable discussions. This work was supported by CREST, MEXT. KAKENHI (No. 16710061), the NAREGI Nanoscience Project, and a NEDO Grant.
